Abstract. To improve the dynamic control performance of bearingless induction motor (BLIM), the active disturbance rejection control strategy is presented. Based on the rotor flux orientation inverse decoupling strategy, an active disturbances rejection control (ADRC) system is designed to replace the PID control system. The cross coupling items, motor parameter change and load are all regarded as disturbance. The total disturbance is estimated by an extended state observer (ESO), and compensated by a nonlinear state error feedback (NLSEF) controller. Simulation results show that the system has better dynamic decoupling performance and strong robustness.
Introduction
Bearing less induction motor (BLIM) is a new type of motor with the rotary drive and rotor self-suspension functions. In BLIM, there exist complex electromagnetic coupling, and its parameters are time variant. The PID regulator is easy to implement, but it is difficult to meet the needs of high performance control of BLIM. Many advanced control strategies have been studied for BLIM, but the existing control system either is complicate, or hard to determine. Jingqing Han proposes an active disturbance rejection control method (ADRC) in [5] . ADRC absorbs the essence of PID controller, i.e. eliminating error based on the error feedback; at the same time, it online estimates and compensates the total disturbances of system. The ADRC control law doesn't depend on the accurate model, it has a strong adaptability and resistance to the disturbance, and it can be used for the linear, nonlinear and time-varying systems. Now, the ADRC has been successfully applied in the fields of aerospace, chemical process system, maglev system, motion control system and so on. W.F Su has explored the application problem of ADRC to the asynchronous motor control [6] , the stronger robustness and anti-interference performance can be achieved. In reference [7] , ADRC is applied to the suspension system of bearingless alternate pole permanent magnet motor, and a good dynamic decoupling performance is obtained. In [4] , the ADRC controller is designed for BLIM, the suspension control performance is improved effectively.
In this paper, to further improve the control performance of BLIM, based on the inverse system decoupling, the ADRC controller is designed for each pseudo linear system. The simulation results have shown that the control system has better dynamic decoupling control performance, and has stronger robustness.
Inverse System Decoupling Control of BLIM
For BLIM, if the system state variables x, input variables u and output variables y are defined as the followings: 
Where:
; i s1d and i s1q are currents components of torque windings; L m1 is mutual inductance of torque windings, L r1 is the self inductance of rotor; L s11 and L r11 are the leakage inductance of stator and rotor, T r1 is the rotor time constant; p 1 is the number of pole pairs, ψ r1 is rotor flux, ω is angular frequency of rotor, ω 1 is the synchronous angular velocity, J: is moment of inertia, T L is load torque; M is mass of rotor; F sα and F sβ are α and β axes suspension force components.
According to the inverse system principle, connecting the inverse system in series with the BLIM original system, the BLIM system can be decoupling for four second-order pseudo linear subsystems, include motor speed, rotor flux-linkage and two radial displacement subsystems.
ADRC Design of BLIM The Structure and Operational Principle of ADRC
The ADRC consists of three subsystems [13] ; include a tracking differentiator (TD), an extended state observer (ESO), and a nonlinear state error feedback (NLSEF). By TD, the target value ω*, is reasonably arranged, the transient process Z11 and its differential signal Z22 are output; ESO is the core of ADRC, its function is real-time estimate and compensate the total disturbances of the system, include internal disturbance and external disturbance. The function of NLSEF is nonlinearly combining the outputs of TD and ESO reasonably, so as to improve the dynamic performance of control system. The 2-order ADRC diagram is shown in Fig 1. The discrete algorithm of tracking differentiator (TD) can be expressed as follows:
In (7): T is sampling period, u (k) is the current input signal; r is a parameter that determines the tracking speed. When the input signal is polluted by noise, h is a parameter that determines the filtering effect. When r increases, the tracking speed increases, and the tracking error would be increased under the influence of random disturbance, this needs to increase the H value to carry on the error suppression. The fst () function can be calculated by the following formula step by step: 
The discrete algorithm of Extended State Observer (ESO) can be expressed as follows: ( 
In the discrete mathematic model of ESO, Z 1 (k) and Z 2 (k) are the estimations for the state variables of object. Z 3 (k) is the comprehensive prediction of external disturbances. The β 01 , β 02 and β 03 are adjustable parameters of controller, and the output error can be tuned by adjusting the three parameters. The δ is the nonlinear function filter factor to eliminate noise; the T is sampling period.
The discrete algorithm of nonlinear state error feedback (NLSEF) can be expressed as follows: 
The function of NLSEF is to nonlinearly combine the outputs of TD and ESO reasonably, and output the feedback of state error, and supplement the external disturbances observed by ESO.
ADRC Controller Design of Velocity, Flux-Linkage and Radial Displacement
The mathematical model of motor speed subsystem can be expressed as follow:
According to the ADRC control theory, the ADRC controller of motor speed can be constructed, include a first order TD (omitted), a second-order ESO and a first-order NLSEF. The specific control algorithms are as follows:
Second-order ESO:
Second-order NLSEF:
( )
The output control variable:
After the inverse system decoupling, the obtained rotor flux-linkage and two radial displacement components subsystems are the same as the motor speed subsystem, which is the second-order integral subsystem. The design principle of ADRC is similar to that of the rotational speed subsystem. Figure 2 shows the structure of the ADRC controller for motor speed, rotor flux and radial displacement. By connecting the inverse system in series with the original system, a pseudo linear composite system with linear transfer relation con be obtained. According to each decoupled pseudo linear subsystem, the ADRC controller is designed, and the ADRC inverse decoupling control system of BLIM can be constructed, so that the system has good dynamic decoupling control performance, and has stronger robustness to parameter variation and load. The control structure is shown in Fig.3 .
System Simulation and Analysis
Simulation is made by Matlab/Simulink according to Fig.3 ; the controlled object is a four-pole BLIM with two-pole suspension winding. The motor parameters are as shown in Table 1 . Setting the initial values of system as follows: α 0 =-0.14mm, β 0 =-0.16mm; α*=-0.14mm, β*=-0.16mm; n*=1500r/min, ψ r1 *=0.96 Wb; no load start. In order to verify the effectiveness of the proposed ADRC, the simulation contrast response curves of inverse decoupling control system that uses PID controller are also presented. Comparison curve are described in Fig.4 to fig.7 , the solid line represents the response curve of each variable when ADRC is adopted; the dotted line represents the response curve of each variable when PID controller is adopted. From the simulation results, there are following: 1) From Fig.4 : when the ADRC is adopted, the rotor flux reaches the given value faster and more smoothly. From Fig.5 , when PID controller is adopted, there is an overshoot about 2%, when the ADRC controller is adopted, there is almost no overshoot. From Fig.6 and Fig.7 , when the ADRC controller is adopted, the radial displacement reaches their steady state within 0.2s, there is no overshoot; but when the PID controller is adopted, there is an overshoot of radial displacement about 0.015mm. The simulation results have shown that when the ADRC is adopted, the system has smaller overshoot and faster response speed.
2) At different moment, the given values of rotor flux-linage, radial displacement are suddenly changed. From the simulation results, it can be known that when one of the four controlled variables changes, the other variables are almost unaffected. The simulation results have shown that the ADRC system can effectively improve the dynamic decoupling control performance.
3) In order to verify the disturbances rejection performance, the load torque is suddenly added 10N.m at 1.0s, and reduced to 0 at 1.3s. From Fig.5 , it can be seen that the ADRC controller system can response more rapid, and the jitter is smaller. And then the ADRC system has stronger robustness and anti-interference ability.
4) Form Fig.6 and Fig.7 , it can be seen that the radial displacement components are almost unaffected by the load torque, and then the dynamic decoupling performance of ADRC control system is stronger. 
Conclusions
To overcome the impact of load change on the dynamic performance of the inverse controls system of BLIM, an active disturbance rejection control strategy based on inverse system decoupling is presented. The simulation results show that the ADRC control system can greatly reduce the overshoot and improve the response speed; and it can effectively improve the dynamic control performance of a BLIM, the system has better adaptability and robustness to the change of load disturbance.
